Three endopeptidases (EP2, EP3, and EP4) were identified after fractionation of pea (Pisum sativum, var Feltham First) chloroplast stromal extracts. All three were identified by their ability to cleave in vitro-synthesized preplastocyanin to lower molecular weight forms. EP2 is inhibited by phenylmethylsulfonylfluoride, and both EP2 and EP3 are inhibited by the heavy metal chelators 1,10-phenanthroline and EDTA. A furthr endopeptidase, EP5, was Identified in Triton X-100 extracts of thylakoid membranes. Experiments involving centrifugation through a sucrose pad indicate that EP5 either has a high molecular weight or is assoiated with a thylakoid protein complex. EP5 is effectively inhibited by phenylmethylsulfonylfluoride, iodoacetate, and 1,10-phenanthroline, but not by EGTA. The implications of these results for the analysis of chloroplast protein maturation are discussed, and an improved protocol for the purification of the stromal processing peptidase is described which ensures the removal of EP2, the most active of the stromal peptidases analysed in this study.
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Proteolytic activities play an essential role in the biogenesis, development, and senescence of chloroplasts. They can be broadly divided into two categories: those functioning in protein maturation and those involved in protein turnover. Chloroplast proteins commonly undergo some sort of maturation because most are initially synthesized in precursor form in the cytoplasm prior to import into the organelle (5, 19) . Precursors of stromal proteins are processed to the mature size during or shortly after import by a SPP2 which is highly specific for imported precursors. SPP activity has been partially purified from pea chloroplast stroma; the enzyme has a molecular mass of about 180 kD and a pH optimum of 8.5 to 9 and is inhibited by heavy metal chelators (16, 17) . The enzyme is also involved in the maturation of imported thylakoid lumen protein precursors such as pre-plastocyanin. However, these precursors are processed only to stromal intermediate forms by SPP, and maturation is completed by a second, thylakoidal peptidase (6, 20) . The TPP has been partially purified from pea thylakoids after solubilization using Triton X-l00. The enzyme has a pH optimum of to 7, requires nonionic detergent for activity, and is highly specific for imported lumenal proteins (9) . Whereas SPP is thought to be soluble in the stroma, TPP is an integral membrane protein with the active site on the lumenal face of the thylakoid membrane (10) .
Studies on the turnover of a variety of chloroplast proteins have shown that proteases play an essential role in regulating the levels of specific proteins. In particular, proteases are responsible for the removal of proteins which are either damaged or unable to assemble into larger complexes. Welldocumented examples include the turnover of damaged QB protein (11, 14) , the rapid degradation of unassembled ribulose 1,5-bisphosphate carboxylase small subunits (18) , the light-induced breakdown ofNADPH-protochlorophyllide oxidoreductase (7, 8) , and the degradation of the apoprotein of the light-harvesting Chl a/b binding protein (2) . In addition, extensive proteolysis takes place during chloroplast senescence (21) . In general, very little is known about the proteases involved in protein turnover in the chloroplast, except for the partial purification of one endopeptidase and three aminopeptidases from pea stroma (13) . In this report we have analyzed three further stromal endopeptidases and a thylakoidal endopeptidase. We also describe an improved protocol for the partial purification of SPP activity which ensures the removal of a particularly active endopeptidase. 
MATERIALS AND METHODS

Materials
Purification of Thylakoidal Peptidases
Pea thylakoids were prepared and washed as described (9) . The washed thylakoid pellet was resuspended in 50 mM Tricine-NaOH (pH 7.0), 15 mM NaCl, 5 mM MgCl2 at a final concentration of 1 mg/mL Chl. Triton X-100 (25% v/v) was added slowly with stirring to give a ratio fo 2.5 mg Triton/ mg Chl. The mixture was stirred in the dark for 30 min and then centrifuged at 30,000g for 30 min. Three mL of supernatant were loaded onto 2 mL of 0.2 M sucrose, 50 mM Tricine-NaOH pH 7.0), 0.15% Triton X-100, and 5 mM MgCl2 and was centrifuged at 100,000g for 15 h. The tube was fractionated into 1 to 1.5 mL aliquots, and the pellet was resuspended in 300 ,uL 20 mM Tris-HCl (pH 7.0), 0.15% Triton X-100.
Assay of Peptidase Activities
Stromal peptidases were identified by their ability to cleave in vitro-synthesized translation products to lower mol wt forms. Cloned DNA encoding Silene pratensis pre-plastocyanin was transcribed as described (6, 20) and capped transcripts were translated in a wheat-germ system in the presence of [35S]methionine (20) . After translation, 1 (12) followed by fluorography using Amplify. Thylakoidal peptidases were assayed by the same protocol except that the translation product was an artificial plastocyanin intermediate previously described (6, 20) .
Other Methods
Published methods were used for the determination of protein (4) and Chl (1).
RESULTS
Separation of Distinct Stromal Endopeptidase Activities
An earlier study (16) described the partial purification of SPP activity from stromal extracts of pea leaves. The partially purified enzyme catalyzes the highly specific removal of the pre-sequences of several stromal proteins, including Rubisco small subunit (pre-SSU) ferredoxin and ferredoxin-NADPreductase. Precursors of thylakoid lumen proteins such as plastocyanin are processed to their stromal import intermediate forms (6) . The absence of other cleavage products, together with the lack of reactivity displayed against nonchloroplast proteins, suggests that the purified SPP is substantially free of degradative proteases. However, other proteolytic activities can be readily detected in the initial purification stages. Figure 1 shows that two distinct pre-plastocyanin cleavage activities can be separated by DEAE-Sephacel or phenylSepharose chromatography. In both cases, it is the second peak which contains SPP activity (lane 8 in the DEAEsephacel eluate and lanes 13 and 14 in the phenyl Sepharose eluate). These fractions, but not earlier fractions, process pre-SSU and pre-ferredoxin to the mature sizes (not shown). In order to examine the activities in more detail, both peptidases were partially purified by a combination of DEAE-Sephacel and phenylSepharose chromatography. Figure 2A shows that, as found previously (6) Figure 1A (lanes 4-6) and SPP activity (lanes 7-9) were each further purified by phenyl single major cleavage product of higher mol wt. Figure 2B shows that this peptidase is also capable ofcleaving chloroplast protein precursors other than pre-plastocyanin; the precursor of plastidic acyl carrier protein and pre-SSU are both converted to lower mol wt forms, although pre-SSU is a relatively poor substrate. With the exception of the two processing peptidases involved in precursor maturation (6, 9, 16, 17) only one chloroplast endopeptidase has been examined in detail. This peptidase, termed EPl (13), was also isolated from stromal extracts of pea chloroplasts, has a native mol wt of about 97 kD, and is inhibited by sulfydryl-modifying reagents and heavy metal chelators. The peptidase described in Figures 1  and 2 (hereafter termed EP2) was studied further in order to obtain information on the range and characteristics of proteolytic activities in the chloroplast.
Characterization of EP2 Figure 3 shows the effects of a range of protease inhibitors on the cleavage of pre-plastocyanin by SPP and EP2. The effects on the processing peptidase are as previously described using pre-SSU as a substrate (16) Figure 3 . Effects of inhibitors on EP2 and SPP. EP2 and SPP were partially purified as described in Figure 2 and assayed for cleavage of pre-plastocyanin in the absence of inhibitors (lanes 1) and in the presence of 1 mm PMSF (lanes 2), 5 mm 1 ,10-phenanthroline (lanes 3), 5 mM EGTA (lanes 4) and 10 mm iodoacetate. Lanes 5: samples were preincubated with iodoacetate for 60 min at 40C prior to assay.
has been obtained for the generation of higher molecular cleavage products, even during short incubation times, and for these reasons it is extremely unlikely that this enzyme is an amino-or carboxypeptidase. For similar reasons, the peptidases described below are also deemed to be endopeptidases.
Processing of Pre-Plastocyanin by SPP
Hageman et al. (6) showed that SPP processes Silene pratensis pre-plastocyanin to two forms, the smaller of which corresponds to the stromal intermediate observed during import into intact chloroplasts. It was suggested that the larger cleavage product may be evidence of two-step processing by SPP, as has been demonstrated for the in vitro processing of pre-SSU (17) . However, we have found that the larger cleavage product has exactly the same mobility on SDS-polyacrylamide gels as that produced by incubation of EP2 with pre-plastocyanin. We therefore reexamined the pre-plastocyanin processing reaction to determine whether the larger cleavage product observed earlier (6) was produced by EP2 contamination of SPP activity. In this experiment, SPP was partially purified by the preexisting protocol (16) and then further purified by phenyl Sepharose chromatography, after which the eluate was treated with PMSF as described in Figure 3 . The data shown in Figures and 3 indicate that this procedure should produce SPP which is completely devoid of EP2 activity. Figure 4 shows a time course of processing of pre-plastocyanin by SPP prepared by this method; two cleavage products appear with kinetics that suggest that the larger polypeptide may be a processing intermediate as suggested previously (6) . However, it should be emphasized that, although these data show that SPP cleaves pre-plastocyanin at two sites, we Figure 2 . Symbols as in Figure 2 .
ation of stromal extracts using DEAE-Sephacel. EP4 is only weakly active in this assay system and cannot be identified in the autoradiogram shown in Figure 1A . However, Figure 5B shows that after longer exposure to x-ray film, EP4 activity can sometimes be detected between peaks of EP2 (lanes 4 and 5) and SPP (lanes 8 and 9). EP4 (lanes 6 and 7) removes a small sequence from pre-plastocyanin, generating a cleavage product slightly larger than that produced by EP3. It has not proved possible to reliably determine the inhibitor sensitivities of EP4.
Separation of Thylakoidal Endopeptidases
The maturation of imported lumenal proteins involves successive cleavages by SPP and a thylakoidal peptidase, TPP (6, 20) . TPP activity has been characterized after partial purification from pea thylakoids; the enzyme is a hydrophobic, integral membrane protein which is highly specific for imported lumenal proteins (9, 10) . Figure 6A shows Figure 1A . Lanes T, pre-plastocyanin translation product. Arrows denote the cleavage products generated by EP3 and EP4.
PCipp. Plant Physiol. Vol. 90, 1989 TPP by centrifugation of thylakoid extracts through a sucrose pad. Fractions were assayed for the cleavage of an artificial plastocyanin processing intermediate (6) . TPP activity, which processes this substrate to the mature size (6) , is found mainly in the upper section of the tube (lanes 1 and 2) . A second peptidase, EP5 produces a larger cleavage product and is found in the resuspended pellet fraction (lane 4). Similar results are obtained when extracts of wheat thylakoids are subjected to this procedure, except that the TPP activity is more evenly distributed in this experiment (Fig. 6B) (9); TPP is not inhibited by any of these compounds and is in fact activated by the chelating agents tested, 1, I0-phenanthroline and EGTA (not shown).
DISCUSSION
The data described in this report show that chloroplasts contain a range of distinct endopeptidases, in addition to the highly specific processing peptidases previously reported (6, 9, 16) . Fractionation of pea chloroplast stroma reveals the presence of at least three endopeptidase activities, which we have termed EP2, EP3, and EP4; another stromal endopeptidase, EPl, and three aminopeptidase activities have been previously described (13) . We have also provided a preliminary characterization of a thylakoidal peptidase, EP5, which has been separated from the peptidase activity responsible for the maturation of imported lumenal proteins. It EP2, EP3, EP4, and EP5 all cleave pre-plastocyanin at different sites, but it is notable that each cleaves at only a single preferred site, indicating a degree ofreaction specificity. Presumably, each peptidase carries out cleavage only when certain amino acids are at defined positions relative to the scissile bond. The fact that each of these peptidases removes only a small sequence from pre-plastocyanin probably reflects the precursor structure; the mature sequence is likely to be tightly folded whereas the presequence appears to protrude into the medium, thereby rendering it more accessible to proteolysis. This type of assay system appears, therefore, to be well-suited to the detection of weakly active chloroplast proteases. A disadvantage, however, is that the proteolytic activities are very difficult to quantitate in terms of units of activity.
On the basis of these findings, we argue that caution must be exercised in the analysis of the maturation of chloroplast protein precursors. First, our results suggest that crude stromal extracts are inherently unreliable as a source of SPP activity. The presence of multiple proteolytic activities in the chloroplast stroma clearly implies that apparent processing of in vitro synthesized precursors could, in some cases, be due to nonspecific cleavage by other peptidases. This conclusion is reinforced by the observation that some in vitro-synthesized precursors are not processed by isolated SPP. For example, pea SPP processes a number ofprecursors ofwheat chloroplast proteins, apparently correctly, but does not recognize wheat pre-SSU (although wheat SPP efficiently processes pea pre-SSU). We have also found that several other precursors are not processed, either by purified SPP or crude stromal extracts (our unpublished observations). In these cases, where the precursors may be incorrectly folded, nonspecific cleavage is probably more likely to occur in the absence of efficient processing by SPP.
A related problem concerns the cleavage of precursors within the intact chloroplast. The levels of proteolytic activity in the chloroplast are such that the interpretation ofabnormal cleavage reactions is made extermely difficult. For example, inhibition of processing at the terminal processing site of pre-SSU, for which a two-step processing mechanism has been proposed ( 17) leads to the accumulation inside the chloroplast of at least four cleavage products (15, 17) . This could be due either to abberrant processing by SPP or to cleavages by endopeptidases such as those described in this report. In the absence of additional information, it is impossible to resolve these possibilities.
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